Background: Urinary incontinence is a major clinical problem arising primarily from age-related degenerative changes to the sphincter muscles. However, the precise anatomy of the normal male sphincter muscles has yet to be established. Diffusion tensor imaging (DTI) may offer a unique insight into muscle microstructure and fiber architecture. Purpose: To explore the anatomy of the urethral sphincter muscles pertinent to urinary continence function using DT-MRI. Study Type: Prospective cohort study. Subjects: Eleven normal male subjects (mean age: 25.4 years); two subjects were scanned in three separate sessions to assess reproducibility. Field Strength/Sequence: 3T; using a diffusion-weighted spin echo planar sequence. Assessment: DT parameters including fractional anisotropy (FA), primary (k 1 ), secondary (k 2 ), and tertiary (k 3 ) eigenvalues, Apparent diffusion coefficient and radial diffusivity were analyzed statistically, while tracked muscle fibers were assessed visually. Statistical Tests: Regional differences (sphincters and longitudinal muscle of the urethra) in the DTI indices were assessed by one-way analysis of variance. A Tukey post-hoc test was used to identify significant differences between muscle regions. Results: Two sphincter muscles, one proximal near the base of the bladder, corresponding to the lisso-sphincter, and the other distal to the end of the prostate corresponding to the rhabdo-sphincter, surrounding a central urethral muscle fiber bundle, were clearly identified. FA was higher and k 3 lower in the proximal sphincter muscle compared to the central urethral muscle and the distal sphincter (P < 0.05). The average coefficient of variation ranged from 5-12% for the DTI indices.
distortions and alterations of the anatomical structures in cadaveric dissections of bony elements due to the inaccessible location in the deep pelvis. 4 Among the available imaging modalities (X-ray computed tomography, ultrasound, nuclear medicine), magnetic resonance imaging (MRI) is unique in that it enables the mapping of the molecular diffusion of water molecules. 5, 6 In addition, by application of diffusion sensitizing gradients along different directions, one can infer direction-dependent diffusion. This information is represented by a diffusion tensor that provides insights into the microstructure and characteristics of the underlying tissue. It is possible to infer qualitative changes in the fiber diameter and in the extracellular fraction from the macroscopic diffusion measurements, while careful diffusion modeling can enable one to extract quantitative values of these parameters. In addition to information on microstructure that can be derived from the diffusion tensor imaging (DTI) data, it is also possible to evaluate tissue architecture such as fiber length and density.
To maintain continence, urethral closure pressure must be greater than bladder pressure, both at rest and during increases in abdominal pressure, to retain urine in the bladder. 7 Urodynamic studies reveal that the resting tone of the urethral muscles maintains a favorable pressure relative to the bladder when urethral pressure exceeds bladder pressure. 7 Passive continence is the involuntary aspect of micturition, since no conscious effort is required to achieve continence. Based on urodynamic studies, it is believed that that this passive continence is a primary function of the proximal urethral lisso-sphincter and this is effected by contraction of its circular muscle fibers, resulting in closure of the bladder neck and concentric narrowing of the posterior urethra. 3 The distal rhabdo-sphincter is involved in the active continence mechanism effecting forceful occlusion of the urethra, such as that which occurs during events of increased intra-abdominal pressure or during voluntary interruption of micturition. 3 DTI has been used extensively to study the microstructural architecture of the normal and diseased brain and has been applied relatively less frequently to other organs: abdomen, kidney, heart, skeletal muscle, and lingual muscles. 5, 6 The objective of this study was to elucidate the anatomy of the urethral sphincter muscles pertinent to urinary continence function using in vivo, noninvasive MRI, including proton-density and DTI.
Materials and Methods
The study was carried out under the approval of the Medical Research Ethics Board of the University of California at San Diego and conformed to all standards for the use of human subjects in research as outlined in the Declaration of Helsinki on the use of human subjects in research. A total of 13 normal healthy male young subjects were recruited after obtaining written informed consent. Imaging data from two of these subjects suffered from artifacts and were deleted from subsequent analysis. The mean age of the 11 subjects included in the analysis was 25.4 years (range 21-28 years). Two subjects were scanned on three separate days to determine the coefficient of variation (CV) and the repeatability coefficients (RC) of the diffusion tensor-derived indices. Exclusion criteria for recruiting patients for this study included those typical of MRI scans, such as claustrophobia and implanted devices such as pacemakers, as well as no prior surgery of the gastrointestinal tract. No MRI contrast agents were utilized. Subjects were scanned on a 3T GE MR scanner (Milwaukee, WI), using a multichannel (8-channel) cardiac coil, lying supine, feet-first. After acquisition of a rapid three-plane scout scan (Fig. 1b) , a set of high-resolution sagittal proton-density (PD) FIGURE 1: a: Schematic of median section of bladder and urethra where the relative anatomic positions of the bladder, the lissosphincter, the prostate, and rhabdo-sphincter are indicated. b: MRI high-resolution PD image of the mid-sagittal anatomy at a location comparable to that of the schematic (except for a larger field of view) is labeled with the relevant anatomy including the urethral complex, and shows the proximo-distal extent imaged in the present study. The anatomical positions of the different components of the urethral complex relative to the other components in the larger anatomical field of view can be appreciated.
slices was acquired for accurate localization of the mid-sagittal slice. A set of sagittal DTI slices (scan parameters given below) were also obtained at the same locations as the sagittal PD slices in order to visualize the distortions caused by susceptibility artifacts in the echo planar imaging (EPI) scans. A set of morphological axial high-resolution PD scans were acquired (Fig. 2a,b) using the midsagittal PD image as a scout, extending from a few slices below the base of the bladder to beyond the entry of the urethra into the penis (18-22 slices, depending on the height of the subject) (indicated in Fig. 1b) . Axial DTI scans (Fig. 2c,d) were at the same locations as the axial PD slices, using a fat-suppressed singleshot EPI sequence, with 32 noncollinear gradient directions with a b-factor of 400 s/mm 2 , repetition time / echo time (TE/TR) of 57/8000 msec, 120 3 120 matrix, 23 field of view (FOV), 6 averages. 3 mm thick, 0 mm gap (total of 26 min). Following the DTI acquisition, a pair of gradient echo image sets were acquired, one with an in-phase TE of 3.2 msec. and the other with out-ofphase TE of 5.1 msec. The phase images of this last scan were used to correct the diffusion-weighted images for spatial/intensity distortions arising from magnetic field inhomogeneities. The frequencies of the GRE sequences were kept the same as the DTI scans, and no further shimming was performed between the DTI and the correction sequences.
The acquired diffusion-weighted (DICOM) images were registered to baseline image (without diffusion weighting) (Fig. 2e) to correct for eddy current and motion-related artifacts. Eddy currents in the gradient coils induce stretches and shears (spatial distortions) in the diffusion-weighted images that vary with gradient directions. Eddy current and motion correction was performed using the "eddy_correct" tool within the fsl freeware 9 and corrects for these distortions as well as for motion by performing an affine registration of each diffusion-weighted image to the baseline image (without any diffusion weighting). This was followed by correction of the susceptibility-based distortions using the phase maps from the gradient echo images. Tensor images were calculated from the corrected diffusion-weighted data using a Gaussian model of diffusion and an intensity threshold was used to remove background pixels from the computation. Subsequently, noise was reduced by tensor smoothing performed using the log-Euclidean anisotropic filter available from the software package, MedINRIA. 10 This method is based on the anisotropic diffusion filter that smoothes homogeneous regions but preserves the edges in the image. The actual degree of smoothing was selected based on the balance between denoising and blurring. The smoothing is necessary, as the raw (diffusion-weighted images) are noisy due to several factors: inherent signal-to-noise ratio (SNR) limitations of EPI sequences, short visual inspection (by senior author, S.S., with 20 years of experience in DTI analysis and confirmed by coauthor K.S., a surgeon with 16 years of experience in male urethral sphincter complex specializing in prostate cancer surgeries). Regions of interest (ROIs) for extracting quantitative values of DTI indices were placed in the two sphincter rings seen in Fig. 3b ,f, at 12, 3, 6, and 9 o'clock positions, as shown in Fig. 3b for the proximal sphincter (ROIs in similar positions in the distal sphincter are not shown superposed on the image to preserve the clarity of the smaller sized distal sphincter), and in the longitudinal urethral muscle (the central blue region seen in Fig. 3b ,f and labeled U, Fig. 3e ). As a reference, an ROI was also placed on a larger (skeletal) muscle, the obdurator internus (OI) muscle at the level of the distal sphincter. The reference, taken from a larger muscle, was free from partial volume errors that could potentially affect the smaller muscles of the urethral complex. Care was taken to inspect adjacent slices (compared to the reference slice on which ROIs were placed) to ensure that, in the adjacent slices, fluid from the bladder did not extend to the location of the ROIs in the reference slice. This ensured that partial volume effects from high ADC tissue (like bladder fluid) did not influence the measurements on the muscles of the urethral sphincter complex.
Fiber tracking was performed using DTITools 12 on the smoothed tensor data from MedInria 10 with the "fiber assignment by continuous tracking" (FACT) algorithm with the following stopping criteria: FA <0.120.15 and angular deviation <45-508. ROIs were placed in select slices where the annular rings of the sphincter muscles were visualized, and fibers tracked to generate fibers within this urethral complex. S.S., first author, is a senior investigator, with over 20 years of experience in DTI including in analysis and in fiber tracking performed visual inspection, ROI placement, and fiber tracking for all the slides. The ROI placement was confirmed by coauthor K.S., a surgeon with 10 years of experience and specializing in male urethral sphincter complex.
Statistical Analyses
The mean and standard deviation of the DTI indices evaluated over all the subjects is reported, following convention in the imaging literature for ROI-based analysis of cohorts. 13 The CV was calculated as the ratio of the within-subject standard deviation, S w , to the mean value expressed as a percentage (estimated from the three repeat measures). The mean of the CVs for each subject is reported for each DTI index in the different regions of the urethral complex and the OI. The repeatability coefficient, RC, which represents the threshold value below which the absolute differences between two measurements on the same subject is expected to lie for 95% of the measurement pairs, was calculated as (0.0277*mean*CV).
14 Both CV and RC are indices of reproducibility; CV is useful when S w varies with the mean values, while RC allows one to disambiguate the intrinsic variance of the methods from real effects. Regional differences (sphincters, longitudinal muscle, and OI) in the DTI indices were assessed by one-way analysis of variance (ANOVA). A Tukey post-hoc test was used to identify significant differences between muscle regions. The anal sphincter muscle, which is also very well visualized in the images, was analyzed to provide a validation of the DTI values extracted from the current study by comparison to normal values that have been reported in an earlier study for the external anal sphincter. 15 
Results
A mid-sagittal high-resolution PD MR image corresponding to the schematic in Fig. 1a at a comparable location but over a larger field of view is shown in Fig. 1b and clearly depicts the prostatic urethra (yellow arrow) from the bladder 
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neck transition to the penile urethra, in relation to other anatomic landmarks such as the symphysis pubis and the coccyx. A pair of orange lines in Fig. 1b indicates the superior-inferior range over which axial slices were acquired. Other adjacent relevant structures are labeled for anatomical context. Figure 2a shows an axial PD image at the level of the proximal sphincter and the diffusion-weighted image at the corresponding location is shown in Fig. 2b-d are PD and corresponding diffusion-weighted images at the level of the distal sphincter, respectively. Two of the 13 subjects had to be excluded from the analysis because of a prohibitive amount of artifacts from motion; thus, a total of 11 studies were analyzed and are reported here. The effect of eddy current and motion correction is illustrated by the contour of the sphincter and adjacent areas traced on the baseline image (the image acquired as part of the DTI acquisition with no diffusion gradients, Fig. 2e ) and then overlaid on the corresponding diffusion-weighted image (Fig. 2f ) . The same contour is overlaid on the corresponding high-resolution PD image (Fig. 2g) . The good correspondence of the overlaid contour to the anatomy in the diffusion-weighted images confirms that the corrected diffusion-weighted images are accurately registered to the baseline images. Further, the good match of the contour of the sphincter muscle and adjacent areas (traced from the baseline image) to the PD image (Fig. 2g) confirms that spatial distortions from magnetic field inhomogeneities (arising from susceptibility differences) are not high in this subject. This is also confirmed in the phase map (which is a map of spatial displacements) derived from the gradient echo images where the distortions are within 62 mm (Fig. 2h) . It is important to note that, unlike distortions from eddy currents that are different for each diffusion-weighted image, the spatial distortions from magnetic field inhomogeneities impact all the images including the baseline images in an identical fashion. Thus, it is valid to calculate the diffusion tensor since voxels across all images are aligned. It should be noted that in the 11 subjects analyzed, images from four subjects revealed increased spatial distortions in the DTI images. However, these distortions, which are dependent on the magnetic field inhomogeneity map for a given subject, occurred in spatial locations that were spatially removed from the urethral sphincter complex. Thus, images from these four subjects could also be used in DTI analysis and for fiber tracking, as the urethral complex was not affected by the spatial distortions.
The 10 panels of Fig. 3 show color-coded images (derived from the diffusion tensor images) of contiguous 3-mm thick slices in one subject (with the slice number indicated in the panels) along the cranio-caudal axis, covering the anatomical region from the proximal (bladder) end (panel a, slice 1) towards the distal (penile urethra) level (panel j, slice 16). Panels b and f show slices through the two sphincters, together with placement of the ROIs. Some of the slices between the two sphincters, ie, through the prostate, as well as further distal to the distal sphincter, have been left out for lack of relevance, although a demonstrative slice 7 through the prostate is presented in panel e. The color map is the projection of the lead eigenvector (corresponding to the highest eigenvalue) on the X-, Y-, and Zaxis weighted by the FA. The color code follows established convention: X-projection (medio-lateral direction) is represented by red, Y-axis projection (anterio-posterior direction) represented by green, and the Z-projection (superior-inferior direction) represented by blue. The regions of interest in the proximal sphincter (PS) and in the central urethral complex (U) are shown in Fig. 3b ,f, while the bladder (B) can be seen in panels a and b and the prostate (P) is indicated in panels c to e (distal sphincter ROIs are not shown but were placed in locations similar to the proximal sphincter). The two sphincter muscles can be readily identified by the signature circular muscle fibers confirmed by the sequence of colors (fiber direction) (clockwise from the 12 o'clock position: red!green!red!green) in these slices (best visualized in panels a-c). The proximal sphincter at the bladder neck potentially corresponds to the lisso-sphincter and the distal sphincter beyond the prostate, potentially corresponds to the rhabdo-sphincter. Closer examination at the proximal sphincter levels reveals that the proximal sphincter is at a cranio-caudal angle to these transaxial slices, rather than being strictly in the axial plane (evidenced by incomplete circular PS ring in panels a and d of Fig. 3) . Finally, the urethral muscle fibers can be clearly demarcated throughout its length from the neck of the bladder through the two sphincters and into the penile structure as a central blue region in all panels other than the last, indicating the fibers in that structure traverse longitudinally in a superior to inferior direction. The last panel shows the external anal sphincter (EAS) at the distal end, for anatomical context. Figure 4 shows similar color-coded images in four other subjects, with the circular distal and proximal sphincters and longitudinal urethral muscle fibers contoured on each image.
Fiber tracking uses the lead eigenvector image and the FA map to extract fiber tracts. Fibers were tracked in ROIs enclosing the proximal and distal sphincters and the central urethral region. Figure 5 shows, in three subjects (randomly selected), the fibers tracked in the proximal and distal sphincters as well in the longitudinal central urethral muscle fiber bundle. The color of the fibers reflects the orientation (the color legend for fibers is similar to that of the color map of the FA-weighted lead eigenvector maps). The circular fibers in the sphincters and the longitudinal fibers of the connecting muscle are clearly seen in all three subjects shown here (and holds true for all other subjects).
Tables 1 summarizes the mean and standard deviations of the FA, ADC (mean diffusion coefficient: average of k 1 , k 2 , and k 3 ), the radial diffusivity (average of k 2 and k 3 ) and FIGURE 5: Fibers tracked based on the direction of the lead eigenvector (corresponding to the primary eigenvalue) derived from DTI images. The fibers tracked in the urethral complex for three subjects are shown here (each row depict fibers from one subject). The three rows show (left to right): distal sphincter muscle fibers, the proximal sphincter muscle fibers (both zoomed in for clarity but not by the same factor), and the longitudinal fibers of the central urethral region. The last column also has ROIs indicating the position of the two sphincters in thin green lines. The color-coding of the fibers in the panels indicates the direction of fibers, with blue indicating superior-inferior, green anterior-posterior, and red medial-lateral fiber traversal.
the three eigenvalues k 1 , k 2 , and k 3 , in ROIs in five distinct regions: the proximal and distal sphincters (PS and DS), in the central longitudinal urethral muscle fiber bundle measured at the proximal and distal ends (PU and DU, respectively), as well as in the large OI muscle. The values reported in Table 1 are the average over all 11 subjects and over all ROIs in a given region (eg, four ROIs in the proximal sphincter as shown in Fig. 3b are averaged to compute the diffusion tensor indices for the proximal sphincter, and similarly for the distal sphincter). The CV_avg and RC_avg listed in Table 1 are the averages of the CV and RC for the two subjects with the three repeated measurements. The CV_avg of the DTI indices range from 5-12%, with the lowest values for ADC and highest values for FA and k 3 .
The RC_avg values represent a 15-20% change from the mean values. Statistically significant regional differences in the DTI indices are listed in Table 2 . The main results from the DTI analysis are 1) that the proximal sphincter has a significantly higher FA and lower k 3 than the other muscles examined, including the distal sphincter and the OI muscle; and 2) DTI indices (eigenvalues and FA) of the proximal urethra are also significantly different from other muscles; all three eigenvalues in the proximal urethra are larger than in other muscles. Additionally, the eigenvalues and FA for the EAS averaged over four ROIs positioned in the anal sphincter and over all subjects were (k 1 : 1.61 6 0.05; 
Discussion
Urethral sphincter muscles are one of the least understood muscles in the human body. Their inaccessibility, connective tissue infiltration, and the relatively small size of the muscle fibers create difficulties in defining their characteristics by gross anatomic dissection or by any novel imaging modalities. A survey of the literature reveals that this is the first DTI and fiber-tracking study of the muscle microstructure and fiber tracts of the male urethral sphincter complex. The muscle fibers in the sphincter muscles agree well with a recent review that summarized literature reviews based on surgical examinations. 3 The proximal sphincter at the bladder neck potentially corresponds to the inner lisso-sphincter smooth muscle and the distal sphincter beyond the prostate, potentially to the external rhabdo-sphincter skeletal muscle. Anatomical evaluations indicate that the lisso-sphincter muscle is annular near the bladder and then becomes the longitudinal muscle. 3 The lisso-sphincter muscle has been postulated as critical for maintaining continence at rest. This conclusion was based on various clinical studies that showed that injury to the lisso-sphincter resulted in incontinence (eg, postprostatectomy incontinence). On the other hand, the presence of the intact rhabdo-sphincter muscle does not guarantee continence and its loss does not cause incontinence in the presence of an intact lisso-sphincter. 3, 4 Further, the urethra has a wide coat of smooth muscle from the bladder neck to the perineal membrane. It consists of a distinct layer of longitudinal smooth muscle surrounded by a layer of circular smooth muscle. The central longitudinal muscles identified from the DTI data that span from the proximal to the distal sphincters may potentially be assigned to the longitudinal smooth muscle identified by anatomical dissection, while the circular muscle surrounding it (identified on anatomical dissections) is probably too thin to be detected at the resolutions afforded at 3T in a DTI acquisition. However, it should be noted that a similar circular smooth muscle surrounding the longitudinal smooth muscle has been visualized in the anal sphincter muscle complex in an animal model acquired at higher resolutions on an MR scanner operating at 7T. 16 Zijta et al have reported on DTI of the normal female pelvic floor and their study includes tractography of the female urinary sphincter complex and DTI measurements of the urethral sphincter complex. 17 It should be noted that they could not discriminate between the lisso-sphincter and the rhabdo-sphincter. The tracts of the urinary sphincter complex reported by Zijta et al are similar to those seen in the current study. The latter study also does not report the DTI values for specific substructures of the urinary sphincter complex (and the ROI placement is not indicated either); thus, a direct comparison to the current study is not possible. However, the DTI values reported by Zijta et al for the urinary sphincter complex closely matches that reported for the proximal urethra in this study. Additional validation for the current study comes from the good agreement of the DTI values of the external anal sphincter extracted from the current study to values reported earlier for the same structure in Ref. 15 . Diffusion tensor measurements provide information on the underlying tissue microstructure. 5, 6 However, it should be noted that DTI measures are gross values that reflect several processes; the contributions from these are difficult to disambiguate. Diffusion modeling aims to link microstructure (extracellular fraction, extracellular tortuosity, fiber diameter, membrane permeability) to the measured DTI indices. One qualitative model proposed by Galban et al links the muscle fiber diameter to the third eigenvalue. 13 They confirmed their model by correlating the third eigenvalue to the diameters of the muscle fibers of the calf (diameters were derived from histological analysis of biopsy samples). Further, Galban et al extended this model to include the extracellular fraction. They proposed that the diffusion was isotropic in the extracellular compartment (at least more so than in the muscle fiber) and that an increase in the extracellular fraction would result in an increase in the mean diffusivity as well as a decrease in fractional anisotropy. They used this model to explain gender disparities in ADC and FA (women had greater ADC and lower FA from which they concluded that women had a larger fraction of extracellular fraction than men). 13 Karampinos et al reported a more quantitative model that assumed that muscle fiber was elliptical and the second and third eigenvalues reflected the diameters of the major and minor axes of the ellipse. 18 It should be noted that the models have not been completely validated but can still be used to explain, at least in a qualitative fashion, DTI results in muscle. With this background of the urethral complex anatomy and the theory of diffusion in tissue, the present DTI results can be analyzed. The ADC of the proximal and distal sphincter muscles is lower than the central longitudinal urethral muscle. From this and based on the Galban et al diffusion model, 13 one can infer that the extracellular fraction in longitudinal muscles is higher than in the two sphincters (also potentially large diameter fibers in the longitudinal muscles). This could be related to the morphology and to the physiological function of the two sphincter muscles: the function of the sphincters in maintaining continence is highly demanding and thus may require a tight packing of fibers (without much extracellular fraction). In contrast, contraction of the longitudinal fibers widens the urethra during the evacuation of urine and this function could potentially be supported by loosely packed fibers with a higher extracellular fraction. 3 Further, comparing the ADC of the proximal (lisso-sphincter) and the distal (rhabdo-sphincter) muscles, the proximal is the lowest. This might be associated with the function of the two sphincters in that the largest demands (continence at rest) is placed on the lisso-sphincter muscles compared to the rhabdosphincter. The FA value of the proximal sphincter is higher than the other urethral muscles (significant difference is found between the proximal sphincter and the proximal urethra, distal urethra, distal sphincter, as well as the OI muscle). FA reflects the diffusion anisotropy so that a lower value of the third eigenvalue (that diffusion models relate to the fiber diameter) would lead to a higher FA value. The significantly higher FA value in the proximal sphincter muscle indicates that its fibers have the smallest diameter and, considering the small extracellular fraction, imply a tightly packed small fiber with little extracellular matrix. As indicated above, this fiber architecture could be related closely to the function of the sphincter in maintaining continence at rest.
The tertiary eigenvalue is clearly reduced in the sphincter muscles compared to the longitudinal and the OI muscles, although only the tertiary eigenvalue of the proximal sphincter is significantly smaller than all the other muscles: distal urethra, proximal urethra, distal sphincter, and OI muscle. Based on Galban et al's model that proposes that the tertiary eigenvalue is proportional to the fiber diameter, 13 it can be inferred that the diameter of the proximal sphincter is the smallest of all the muscles examined here. This finding is in line with that of ADC and FA and again indicates that the lisso-sphincter muscles are made of the smallest fibers with the highest intracellular fraction. It should also be noted that the lisso-sphincter muscle is the only smooth muscle in all the muscles analyzed here and the significant differences of the DTI indices from other muscles may arise partially from microstructural differences between smooth and striated muscles. 3 DTI indices (k 1 , k 2 , k 3 , FA) of the proximal urethra are also significantly different from the OI muscle, whereas the DTI indices of the distal urethra are not different from the OI muscle. This difference may arise from the fact that the proximal urethra is potentially postulated to be an extension of the proximal sphincter muscle (the latter muscle is most different from all other muscles) and may have microarchitectural similarity to the proximal sphincter. 3 Further, the proximal sphincter is in a state of compression (even at rest) and this may have architectural consequences on the proximal urethra. By contrast, the distal urethra is more like the OI muscle and the distal sphincter. This may well reflect the function of the distal sphincter and distal urethra compared to that of the proximal sphincter and proximal urethra. It should also be noted that eigenvalues and fractional anisotropy of the OI muscle match skeletal muscles such as the calf muscles 8 and serves as an internal reference.
The repeatability required of a DTI measurement depends on the application: DTI indices can change 10-20% in diseased or damaged skeletal muscle tissue. 5, 16 The RC of the DTI indices of the urethral complex will allow detection of 20% changes. It should be noted that this RC value is sufficient to detect regional differences where the differences are in the range 15-20%. In future applications, the proposed technique will be applied to monitoring patients' postsurgery where the proximal sphincter has been removed. Any changes to other muscles of the urethral complex that result in 15% changes in the DTI indices can be monitored by the proposed technique. The feasibility of fiber tracking is confirmed by the fibers visualized in the three exemplar subjects. Fibers could be tracked in the distal and proximal sphincters (circular arrangement of the fibers) as well as in the central urethra (longitudinal fibers). Some fibers can be seen tracked outside the sphincters and this arises primarily from partial volume effects of these small anatomical structures with adjacent anatomy. This results in fibers getting tracked in adjacent muscle regions. The value of the FA threshold was determined empirically as the value that provided continuous tracts in the urethral muscle while minimizing the erroneous tracts to adjacent anatomy. Increasing the FA threshold value results in few and truncated fibers, while decreasing the threshold caused fibers to track outside the muscle. The same threshold value was used for all the subjects. It should be noted that if the muscles were injured or otherwise compromised, this will be reflected as a break in fiber continuity or a decrease in fiber density (compared to normal regions). Fiber tracking can thus be effectively used to visualize muscle fiber architecture and, in the case of diseased muscle, localize areas of loss of muscle integrity.
The limitations of this study are the small sample size, the low SNR of muscle DTI exacerbated by the use of a large RF coil to accommodate pelvic imaging, and the small size of the structures of interest (eg, the sphincters), which may be corrupted by partial volume effects. The lower SNR was partially mitigated in the current study by the use of image smoothing but other methods to improve acquisition SNR can be explored. For example, implementation of high SNR 3D variable density spiral fast spin echo-based DTI sequences can provide improved resolution and SNR for DTI of the urethral complex. 19 In conclusion, the main findings of the current study are: 1) diffusion tensor imaging of the urethral complex is feasible in men and helps elucidate the muscle fiber architecture of the sphincters and the longitudinal fibers within the resolution of the diffusion tensor imaging; 2) the regional differences of diffusion tensor indices in the urethral sphincter complex may reflect differences in the microarchitecture of each muscle of the complex; and 3) fiber architecture from DTI-based fiber tracking clearly enables one to visualize the circular fibers of the sphincter and the longitudinal fibers of the urethral complex. The study was limited to male subjects, as the results of the current study will be applied to assessing the effects of prostatectomy (and other surgical techniques for prostate surgery) on urethral closure function and urinary incontinence. However, this work can also be extended to examine gender-related differences and age-related changes in the urethral sphincter complex.
